We describe a silica hollow-core fiber for mid-infrared transmission with a minimum attenuation of 34 dB/km at 3050 nm wavelength. The design is based on the use of a negative curvature core wall. Similar fiber designed for longer wavelengths has a transmission band extending beyond 4 µm.
Introduction
The mid-infrared (mid-IR) wavelength range, which is usually defined as being between 2 µm and 25 µm wavelength, is characterized by the strong vibrational absorption lines of various molecules, and as a result is also known as the 'molecular fingerprint' region [1] . With the emergence of new generations of mid-IR laser sources, there is increasing interest in this spectral window for applications in spectroscopy and medicine [1] [2] [3] . Consequently the availability and performance of optical fibers with transmission in this spectral range is of great interest.
Material absorption has always been one of the limitations on fiber performance in the mid-IR. Fused silica, the most common optical fiber material, exhibits extraordinary mechanical and chemical durability but is limited by its high attenuation (above 60 dB/m) at wavelengths longer than 3 µm [4, 5] . Soft glasses, such as chalcogenides and fluorides, which possess a much lower absorption, have been widely adopted as optical fiber materials for the mid-IR [6] . However, compared with the mature state of silica fabrication, the processing routes for purification and fiber drawing still need much improvement to achieve the theoretical performance limits for many of these materials [6] .
Hollow core waveguides have been investigated as an alternative transmission medium in the mid-IR spectral region [7] [8] [9] . In hollow core fiber, the optical damage threshold is raised while the material absorption problem is reduced. Current industrial laser delivery systems using inner-surface-coated hollow core fiber have attenuation as low as 0.1 dB/m and can transmit continuous-wave 10 µm wavelength CO 2 laser powers as high as 2.7 kW [7] . However, the fabrication technique of coated hollow fiber is more complicated than other hollow fibers such as photonic crystal fiber (PCF) and the transmission suffers from high bending sensitivity. Silica hollow core PCF for mid-IR transmission was first reported in 2005 with attenuation of 2.6 dB/m between 3100 nm and 3200 nm, and exhibited excellent bending loss characteristics [10] . PCF for 3 µm transmission has since been reported with less than 1 dB/m attenuation [11] . "Kagome" fiber filled with acetylene gas was reported for mid-IR laser generation recently, guiding pump light of 1521 nm and two laser lines at 3123.2 nm and 3162.4 nm at same time [12] , although the attenuation was high (20 dB/m).
Benabid and colleagues [13] described the importance of the curvature of the core wall in their "Kagome" fibers in 2010 and they recently extended this work [14] , while Pryamikov et al. reported measurements on a 63 cm long hollow silica fiber without a photonic band gap or a "Kagome" cladding but with a negative curvature core wall, and demonstrated transmission bands extending to beyond 4 µm wavelength [15] . Likewise, a later paper used chalcogenide glass to demonstrate a negative-curvature fiber which extended the transmission region to 10.6 µm for CO 2 laser transmission [16] . Our work describes long, low-attenuation hollow core fiber formed from silica with a negative curvature core wall in the mid-IR spectral region. We demonstrate that such fibers can provide attenuation as low as 34 dB/km at a wavelength of 3.05 µm. Transmission of wavelengths beyond 4 µm was also achieved.
Fiber fabrication
The fiber was fabricated by using the stack and draw technique, which has been extensively adopted in fabricating photonic crystal fiber. Eight identical capillaries were drawn from thinwalled silica tube (Suprasil F300, Heraeus) and inserted into a larger jacketing tube. By precisely adjusting parameters in the drawing process, we were able to control the core size and core wall thickness as well as the curvature of the core wall, which together determine the guidance properties. A scanning electron micrograph of one of the fibers is shown in Fig. 1 . The core as shown in Fig. 1 is 94 µm across the narrowest diameter and the average core wall thickness is 2.66 µm. Attenuation in these fibers is limited by the rate at which light in the core can couple to the modes of the surrounding structure. In our fiber ( Fig. 1 ) light in the core could couple to modes of the uniform curved core wall, and also to modes of the glass waveguides formed within the cladding structure at the nodes where the adjacent capillaries touch. The inscribed circle of the core roughly determines the extent of the modal distribution of the guided light. Increasing the core wall curvature increases the distance from the inscribed circle to the cladding nodes, and hence decreases the coupling between the modes of the core and those of the cladding, reducing the attenuation of the fiber. During fiber fabrication the curvature of the core wall was intentionally increased to reduce the fiber attenuation. The curvature of the core wall is 26 −1 µm −1 as shown in Fig. 1 .
Demonstration of mid-IR guidance
Spectral characterization of the fiber was carried out by using a Bentham TMc300 Monochromator, with a 300 lines mm −1 grating and a liquid nitrogen cooled InSb detector. The fiber was filled with nitrogen during the draw, and it was stored in a desiccator after being rewound from the drawing drum. It was removed from the desiccator for measurements but replaced afterwards, to avoid ingress of atmospheric air into the fiber length.
Attenuation measurement
The attenuation was determined by cut-back measurements. A tungsten halogen bulb was used as a broadband light source. The total fiber length in the measurement was 83 m which was cut back to 3.1 m. The resolution of the monochromator was set to 10nm. As Fig. 2 shows, the lowest attenuation was measured to be 34 dB/km at 3050 nm, and the low-loss band spans over 900nm from 2900nm to 3850nm. A second measurement in which we cut the fiber from 79.9 m to 78 m gave a similar minimum attenuation of 32 dB/km at 3050 nm.
In the attenuation spectrum, a high loss region appears from 2500 nm to 2800 nm (high loss region I in Fig. 2 ). Within this band we could not reliably record a transmitted signal even for shorter fiber lengths. This region overlaps with a known OH absorption band in silica [4] . However, we believe that the very high attenuation in region I is not due to OH absorption, as the transmitted light would be in the nitrogen-filled core. Instead, we attribute it to a structural loss feature -a resonance of the core wall -which coincides with the OH absorption band in this particular fiber (see section 4.4). Beyond 3800 nm (high loss region II), no light could again be detected over the full 83 m of fiber, although shorter lengths showed transmission as far as 4 µm. We attribute this to the rapid increase in the absorption of silica in this range (see section 4.4). We have performed a laser transmission measurement through the 79 m fiber to verify the spectral transmission band found in the cut-back measurement, using a Thorlabs H339P2 infrared Helium-Neon laser with 3392 nm wavelength. The detected wavelength of the transmitted HeNe laser in the inset of Fig. 2 is 3388 nm, offset by 4 nm from the known value, presumably due to a small miscalibration of our spectrometer. Fig. 3 . Comparison between fiber transmission spectrum (blue) and HCl absorption (red) [18] .
As seen in Fig. 2 , absorption peaks appear in the transmission band from 3300 nm to 3700 nm. By comparing the measured absorption spectrum with known gas absorption spectra from the HITRAN 2008 database [17, 18] , we found an excellent match in both the peak wavelengths and the relative strengths to HCl. The presence of trace amounts of HCl in our fiber would appear to be reasonable given that our starting material is F300 synthetic fused silica, which the manufacturers state contains 1450ppm of Chlorine [19] , and our measurement is over 80 m of path length. Analysis of the observed absorption lines' positions and strengths compared to those from the HITRAN database is shown in Fig. 3 .
We have confirmed that purging the fiber with nitrogen removes the absorption lines, and that for a shorter piece of fiber (e.g. 10 m) they disappear after the fiber is stored in the desiccator for 24 hours.
Confinement in the core
We investigated the confinement of the guided light by using a fiber butt-coupling technique. The tungsten lamp was used to excite a 79.9 m length of fiber, which was then butt-coupled to a second 3 m length of identical fiber coupled directly to the monochromator. The transmitted signal was then recorded at the wavelength of 3115 nm as we translated one fiber relative to the other. The recorded data (Fig. 4) are consistent with the guided light being confined to the hollow core. No deconvolution has been applied. Fig. 4 . Results of the mode-field experiment using linear and logarithmic scales. The data shown were recorded at a wavelength of 3.15 µm. The core diameter is 94 µm.
Bending loss
Bending loss was measured by bending a 2.3 m fiber into a semicircle. One end was excited using the tungsten lamp and the other end was connected directly to the monochromator. We scanned the transmission spectra with different bend diameters D . bend radii may be associated with conversion of the guided light to higher-order modes with higher attenuation.
Anti-Resonance shift
The fiber reported here does not have a photonic band gap cladding. Instead, the leakage rate from the core is reduced (when compared to that expected from a standard capillary) whenever the propagation constants of the core modes do not match any modes in the core surround [20] . According to the model if we change the core wall thickness, the high loss regions would shift, with the resonance (high-loss) wavelengths res λ given by 2 2 2 ,
where d is the thickness of the core wall, m is a positive integer and clad n is the refractive index of silica, which is taken as 1.419 [21] for the mid-IR region around 3 µm. For m = 2 and d = 2.66 µm this gives 2.68 µm as a high-loss wavelength. In a second similar fiber of length 7 m which we drew with a core diameter of 108 µm and an average core-wall thickness of 3.0 µm, Eq. (1) would give 3.02 µm, in agreement with observations (Fig. 6) . The spectral features associated with the OH band are now apparent in the transmission spectrum through this shorter piece of fiber, and are distinct from the high-attenuation region. Although 7 m of fiber was too short for us to accurately measure the minimum attenuation, a cutback measurement showed that the attenuation at 4 µm wavelength was below 0.5 dB/m. 
Conclusion
We have described the a silica based hollow core fiber with a low loss (34 dB/km) transmission window in the mid-IR. We have confirmed that the light was confined to the hollow core and we explain the spectral dependence in terms of resonances of the core wall. Bend loss was low for bending diameters greater than 40 cm. Future work will focus on bend loss reduction, polarization and modal content of the guided light and power transmission.
